Although fate maps of early gastrula embryos exist for nearly all model organisms, a fate map of the gastrulating human embryo remains elusive. Here we use human gastruloids to piece together part of a rudimentary fate map of the human primitive streak (PS). This is possible because stimulation with differing levels of BMP, WNT, and NODAL leads to self-organization of gastruloids into large and homogenous different subpopulations of endoderm and mesoderm, and comparative parallel analysis of these gastruloids, together with the fate map of the mouse embryo, allows the organization of these subpopulations along an anteriorposterior axis. We also developed a novel cell tracking technique that allowed the detection of robust fate-dependent cell migrations in our gastruloids comparable to those found in the mouse embryo. Taken together, our gastruloid derived fate map and recording of cell migrations provides a first coarse view of the embryonic human PS.
perturbation studies that disrupt normal development, these maps can be useful in pinpointing the nature of the disruption and inferring cause and effect.
Although such fate maps have been completed for most model organisms [2] [3] [4] [5] [6] , no such fate map exists for human. This is because of ethical reasons prohibiting culturing human embryos beyond 14-days ex vivo, the time when the primitive streak first appears [7] [8] [9] . A map of the gastrulating human embryo, however, could be incredibly useful not just for comparison to model organisms and for understanding development in general, but for the practical use to efficiently guiding directed differentiation strategies of human embryonic stem cells (hESCs) into endoderm or mesoderm cell subtypes or even into a whole organ.
Given the restrictions alternative strategies have been pursued. Recently, we have proposed an alternative "gastruloid" approach to study early human gastrulation that is robust and amenable to single-cell quantification 10, 11 . We have shown that when grown in epiblast-like geometrically confined disks, hESCs respond to BMP4 by differentiating and self-organizing into concentric rings of embryonic germ layers: with ectoderm in the center, extra-embryonic tissue at the edge, and mesoderm and endoderm in between. We have also shown an evolutionary conserved BMP→WNT→NODAL signalling hierarchy is responsible for this patterning, with WNT being necessary and sufficient to induce the primitive streak and NODAL biasing the ratio of mesodermal versus endodermal fate acquisition. We have also shown that stimulation with WNT3A+ACTIVIN results in the formation of a human organizer that can induce a secondary axis when grafted into chick embryo 12 , and that the control of the WNT based patterning is primarily due to boundary forces transduced by E-CAD and WNT induced negative feedback from DKK1.
In this work we use our gastruloid model to construct a rudimentary fate map of the human primitive streak. We find that different subpopulations of endoderm or mesoderm emerge robustly from each set of gastruloids depending on BMP, WNT, and NODAL levels, and that by comparison to the mouse embryo we can arrange these subpopulations along an anteriorposterior axis. We also find that there are robust cell migrations from the primitive streak region of each gastruloid and that the character of these migrations depends on what fates the differentiating cells commit to, with fast single-cell migrations in the case of endoderm for instance, or slower group-migration in the case of mesoderm populations. These migrating cells also appear to involute and move under the epiblast section of each gastruloid and in some conditions this migration correlates with the appearance of a COLLAGEN IV basement membrane separating the two layers, mirroring the COLLAGEN IV basement membrane that separates the epiblast from PS derivatives in the mouse. In the absence of direct characterization in human gastrula, our study assumes that the markers we use for hESCs will demarcate the same relative cell types and territories in vivo. We believe that this assumption is safe as regardless of the geometry we have tried to use mutually exclusive sets of markers that always delineate the same cell type across multiple vertebrate species, and that have been used for example in recent successful mappings of mouse gastruloid cell populations to the mouse embryo 13 . Taken together, we believe that our gastruloid model is a robust and rich system through which a rudimentary fate map of the primitive streak and a corresponding picture of early human gastrulation can begin to be pieced together.
Results and Discussion
Anterior-posterior fate specification in human gastruloids Building on our previous characterization of gastruloid cell fates 10 and incentivized by the discovery of a human organizer in WNT3A+ACTIVIN treated cells 12 , we hypothesized that other primitive streak cell subtypes were present in our gastruloids and that they could also be compared to the anterior-posterior axis of the mouse embryo. Our hypothesis was supported by recent work successfully mapping cell types in mouse gastruloids to mouse embryos 13 . In those studies, specific combinations of cell type specific transcription factors were used to identify discrete fates and compare their pattern with the mouse embryo. Here we follow the same strategy and analyze our BMP4, WNT3A, WNT3A+SB, or WNT3A+ACTIVIN induced human gastruloids for anterior-posterior identity and compare them with the mouse gene map and fate map at E7.5 to shed some light on spatial structure of the human PS ( Figure 1A -B).
Strikingly, we found self-organized and largely homogenous anterior-posterior subpopulations that arose distinctly in one set of stimulation conditions and not the others. For instance, only BMP4 induced expression of HAND1, CDX2, and GATA3, and these markers were all present in the same set of cells on the periphery of the gastruloid ( Figure 1C ). In the mouse HAND1 is first expressed at E7.5 in the trophectoderm and extra-embryonic mesoderm, including the amnion, chorion, allantois and visceral yolk sac 14 . GATA3 is expressed in the mouse and human preimplantation trophoblast 9, 15, 16 and in the mouse E7.5 extra-embryonic ectoderm and allantois 16, 17 . CDX2 is also expressed in the mouse and human pre-implantation trophoblast 9 and in mouse is restricted to the extra-embryonic ectoderm, mesoderm, and posterior endoderm until E8.5 13, 18, 19 . FOXF1, which beginning at E7.5 in the mouse turns on and marks the lateral plate mesoderm and yolk sac and allantois 20, 21 , is also most highly expressed in cells in this region. Based on these comparisons, we take this region of the BMP4 induced gastruloid to most closely resemble the mouse E7.5 extra-embryonic mesoderm. This is further supported by the fact that there is a BMP source from the extra-embryonic ectoderm immediately adjacent to it in vivo. The fact that we do not see significant BRA expression in these cells as was found in mouse 13 may be due to species-specific timing differences (for example we have shown previously that there is a wave of BRA expression earlier in this region at 12-36h 10 ) . Radially interior to this extra-embryonic mesoderm population are three other readily identifiable subpopulations that are unique to the BMP4 gastruloid. First, in the region adjacent to the extra-embryonic mesoderm there is a population of BRA+/GATA6+/ISL1+ cells. In the mouse at E7.5 GATA6 marks the parietal and definitive endoderm plus the lateral mesoderm 13, 22 , while ISL1 first appears at E8.5 and also marks cells in the lateral mesoderm 23,24 . Thus we identify this subpopulation as lateral mesoderm. Second, staining for SOX17 (a marker of definitive endoderm first apparent in mouse at E7-7.5 13 ), NANOG (maker of definitive endoderm and epiblast), and OTX2 (marker of anterior epiblast and anterior PS in mouse from E7 13 ) detected a population of the SOX17+/NANOG-/OTX2-cells. Based on these markers we identify this population as posterior endoderm. Finally, staining for SOX2 (marker of primitive ectoderm), and OCT4 (marker of epiblast) revealed a SOX2+/NANOG-/OCT4-subpopulation indicative of primitive ectoderm. Together, these four subpopulations in the BMP4 stimulated gastruloid all approximately match the E7.5 proximal posterior primitive streak in mouse.
With WNT3A+SB stimulation we found selective expression of TBX6 in the region that coexpresses CDX2 and BRA ( Figure 1C ). TBX6 did not appear in the other stimulation conditions, and using qPCR we also found that MSGN1 was selectively induced with WNT3A+SB only ( Figure S1A ). In the mouse, both TBX6 and MSGN1 are first expressed in the primitive streak in the same region as BRA at E7.5, only to become restricted to the paraxial mesoderm by E8.5 [25] [26] [27] . The fact that we do not detect significant TBX6 or MSGN1 levels at earlier times in any of the other gastruloids where we also see BRA (data not shown) may reflect a species specific difference between human and mouse. Additionally, although we use CDX2 in our panel of markers for the BMP4 induced gastruloids, CDX2 has also been shown to be critical for paraxial mesoderm development in the mouse and is detectable there from E8.5 onwards 18, 28 . The union of these three molecular markers is thus highly suggestive of paraxial mesoderm, and a corresponding time of ~E7.5-8.5 in the mouse.
In the case of WNT3A and WNT3A+ACTIVIN, stimulation led to selective co-expression of the transcription factors FOXA2 and OTX2 in the SOX17+ region at the edge ( Figure 1C ). In the mouse FOXA2 begins to be expressed in the anterior primitive streak at E7, and becomes restricted to the anterior definitive endoderm and axial mesoderm by E7.75 13, 29 . Thus the FOXA2+/OTX2+/SOX17+/BRA-provides the signature of anterior endoderm. Additionally, at 24 hours with WNT3A+ACTIVIN, but not WNT3A alone, we can detect the organizer marker GSC. As previously shown 12 we can identify an organizer population at 24 h in WNT3A+ACTIVIN gastruloids when GSC is co-expressed with BRA and SOX17 is not yet visible . Finally, the centers of the WNT3A, WNT3A+Activin, and WNT3A+SB stimulated gastruloids differ from the center region of the BMP4 stimulated gastruloids in that they still express NANOG and OCT4, albeit at a lower level than in pluripotency ( Figure 1C ). We thus categorize these regions as epiblast and not as primitive ectoderm.
A summary of all of the readily identifiable subpopulations is provided in Figure 1E , and a direct comparison with the mouse embryo with references for the expression pattern for each marker is given in Supplementary Table 1 . Overall, we find good agreement between the mouse embryo and the gastruloid subpopulations.
Cell migration
In addition to the emergence of distinct mesoderm and endoderm subtypes in different anterior-posterior positions along the primitive streak, vertebrate gastrulation is also characterized by highly orchestrated cell migrations through the streak and under the epiblast. Indeed, fate specification and migration occur concomitantly.
To track cells in our gastruloid system, we used the ePiggybac transposable element system 30 to derive clonal RUES2-KiKGR-RFP657-H2B cell lines that contain the photo-convertible protein KikGR and the far-red histone localized fluorescent protein RFP657-H2B. KikGR protein normally fluoresces in green but permanently converts to red upon UV excitation. KikGR also has a long life-time, enabling the detection of cells in which the protein has been switched to the red state even after two days. This tool allows photo-conversion of cells in specific regions of gastruloids and determination of their location after a window of time. More specifically, we used a digital micro-mirror to direct a 405 nm laser to illuminate one of three different annular regions: A1, all cells <50 μm from the colony center; A2, all cells in a ring >200 μm and <250 μm from the colony center; and A3, all cells >400 μm from colony center ( Figure 3B -C). Immediately after photo-conversion, micropatterns were stimulated with either control medium, BMP4, WNT3A, WNT3A+ACTIVIN or WNT3A+SB, and imaged to establish the starting point. The same colonies were imaged again at 24 h ( Figure S2A) , and again at 52 h ( Figure 2C and quantified in D).
We found that in the unstimulated micropatterns the photoconverted cells retained their original position even after 52 h ( Figure 2C , 1 st and 2 nd row). Stimulation with BMP4, WNT3A, WNT3A+ACTIVIN, or WNT3A+SB, however, led to migration of cells localized at the edge (A3) towards the center ( Figure 2C , rows 3-6), and the onset of these migrations correlated well with the previously reported 12 epithelial-to-mesenchymal transition (EMT) onset observed in each condition ( Figure S2 ). Under WNT3A and WNT+ACTIVIN stimulation migration started shortly after 24 hours of stimulation and cells migrated in a dispersed, individual manner, travelling long distances between the edge of the colony to the center ( Figure 2C , 4 th and 5 th rows, and Figure S2 ). In contrast, a slower, shorter, and more compact migration was observed in the BMP4 and WNT3A+SB induced gastruloids ( Figure 2C , 3 rd and 6 th rows). Quantification of the photoconverted cells in the BMP4 treatment revealed two distinct populations: one that remained on the outer edge, and another that migrated inwards ( Figure 2C and D, 3 rd row). Finally, while no migration was observed in A1 regardless of the stimulation, cells in the A2 region shifted slightly inward by 52 h following WNT3A+ACTIVIN, WNT3A and BMP4 stimulation. However, these cells do not express EMT markers early on 12 , and it is hard to differentiate between active movement and passive movement as the result of being pushed in by the migration of cells from A3. For instance, we speculate that as the A2 region in BMP4 gastruloids is more compact than the WNT treated gastruloids this is more the result of pushing from the exterior cells rather than autonomous movement.
To better understand how the cells migrate in each of the conditions we also examined the 3D structure of the gastruloids and what the corresponding fate markers of the migrating cells are. In the WNT3A and WNT3A+ACTIVIN gastruloids the migrating cells express SOX17 and so belong to the Anterior DE subpopulation identified previously. In the BMP4 gastruloids the migratory cells express BRA and so mostly belong to the LM subpopulation. In the WNT3A+SB gastruloids the migratory cells also express BRA and so are the PSM fated cells ( Figure 3A and B). In all cases the migrating cells appear to push under the inner epiblast section en route towards the center of the gastruloid ( Figure 3A) . The nature of this attachment and the interaction of these cells with the migratory cells is also related to the COLLAGEN IV layer that we detect separating these layers in the WNT3A, WNT3A+ACTIVIN, and WNT3A+SB gastruloids ( Figure 3C ). In the mouse embryo the formation of a COLLAGEN IV basement membrane precedes gastrulation, but here it is unclear if the layer also exists prior to stimulation, or it is produced from one or both populations of cells as differentiation proceeds.
The fact that the observed cell migrations are robust, concurrent with EMT, and dependent on the fate the cells adopt, suggests that we are seeing movements attempting to fulfill the in vivo human gastrulation program. In support of this is the fact that in the mouse mesoderm first migrates as compact "wings" 31,32 behind a leading edge of more dispersed definitive endoderm fated cells 33, 34 , since this is consistent with the rates and behavior of mesoderm and endoderm migrating cells in our gastruloids. Compared with cell migration in the avian primitive streak 35-39 not much else is known about mammalian primitive streak cell migration or the mechanisms and chemical cues behind it 40 . We believe that our gastruloid model offers a glimpse of this difficult to study in vivo process, and moving forward may present a fruitful alternative approach to dissect the molecular mechanisms underlying cell-migration during a pivotal time of human gastrulation.
Mapping cell migrations and fates to the human primitive streak
Putting together our gene maps and anterior-posterior signatures, our cell migration patterns, and 3D cross-sections, we are able to suggest a detailed graphical representation at what gastrulation may look like in human PS at various anterior-posterior positions (Figure 4) . We propose that the edges of the Epibalst/PrEct region of each gastruloid correspond to the median of the PS, while the centers of each gastruloid are positioned laterally relative to this median. In this schema the direction of migration of differentiating cells (indicated by arrows) is from the medial line of the streak out laterally, underneath the COLLAGEN IV and epiblast or primitive ectoderm layers. The uncovered region of differentiated cells on the edge of our gastruloids we believe would be covered in the embryo since in that anterior-posterior polarized streak geometry we would expect the Epibalst/PrEct region to grow (as in mouse) or flow (as in chick) to fill in that space. Interestingly, whether the migrating cells go under or over appears to be surface dependent, as in previously published work on PDMS micropatterns the corresponding migratory population appeared on the top of the epiblast 12 . We speculate that in both conditions they may be responding to similar cues but taking whichever route is easier depending on attachment of the remaining epiblast/PrEct region to the surface.
There is no doubt that our gastruloid derived gene/fate map lacks details and features that could be observed in the developing in vivo human embryo. We anticipate that missing cell types, such as germ cells or intermediate mesoderm, for example, might be revealed in the future with the use of single cell RNA-seq of gastruloids and sets of markers informed by new efforts to acquire single cell RNA-seq data from gastrulating primate embryos 41 . There is also the limitation that, unlike the in vivo case, our anterior-posterior streak is a composite of separate differently stimulated gastruloids. That said, given what we have learned about the required stimulation conditions for each fate subpopulation, it may be possible with advances in micropatterning techniques or localized ligand sources to recreate the entire anteriorposterior streak in a single micropattern. This would be a superior model and allow much better understanding of the relative timing of EMT, fate specification, and migrations for example. Regardless of the limitations of our current studies, however, we believe our results represent a first step forwards to observing and mapping the origin of fate during our own human development. 
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Materials and Methods
Cell Culture hESCs (RUES2 cell line) were grown and maintained in HUESM medium conditioned by mouse embryonic fibroblasts (MEF-CM) and supplemented with 20ng/mL bFGF.
Testing for mycoplasma was carried out before beginning each set of experiments and again at 2-month intervals. For maintenance conditions, cells were grown on GelTrex (Invitrogen) qPCR data RNA was collected in Trizol at indicated time points from either mircopatterned colonies or from small un-patterned colonies and was purified using the RNeasy mini kit (Qiagen). qPCR was performed as described previously 42 and primer designs are listed in the Table S2 . 
